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AIIS’I’RACT  Over tlIc floati]lg scctio]l of a lidewatcr  glacier, si]iglc  radar intmfcrogra]ns
arc difficult to usc kcausc  tlIcI lollg-terln steady ]notio])  of tile ice is i]ltcnnixcd  with the
tidal vertical motion  of the glacier. With I[iulti])le illtcrferogralns, it is howmwr ]~ossiblc to
isolate the tidal  signal  and subsequmlt]y rmnove  it frolli  tlIc sillglc  iTitcrfcrogralns  to cstilliatc
tllc im velocities. 7’IIc technique is a])])licd to ll;l{S-l  sylitlletic.-a]  )clturc  radar (SAli)  i]tlagcs
o f  l’ctcrlnalll]  Glctschm,  IIortll GrcclilaTld. ‘1’lIc  ])rccisioll  of tile tidal  TncasurcTlleTits  is 1-

- ] ‘J’]lc  t,ida]  lllcasur[!TIjcllts  agree well with2 ~nJn cl-].  ICC vc]ocitics arc kllow]l  within 1 ]n a .
]llodc]  ])rc.c]ictiolls  froln a. fixd C]aSLiC bc!~J1l  W’ith  all C]aSti  C dal[l])illg  fdCtOI’ Of ().47 k m- ],
IIy localizing the maximum of the lxnldil~g  strms  alcjllg  cacll  image line, tltc hil[g~:-]iTlc  is
]na])}m]  with a ]Jrcxisioll  of 20 ]11. ‘1’11(!  i]ltmfero]ndric  hinge-line ]nay trc used as a rc’fmc]lcc
for dc+xti~lg  future mctm-sc.alc cllallgcs  iTl icc thick jless of tltc glacier to~lguc.  At the glacier
cc’]ltm-]iT}e,  t}le ]liTlge-]inc  S]lift,s  2 kln alollg-fiow over a 500-JI1”  trallsvclsc  distal  lc.e, i]litiati?lg
a lollgitudina]  rupture of the ic.c to]i.guc. ‘Ilansvcrse  ru])tures  ap])car at regular il~tcrvals
20-40 km down-stream as fast-movill.g  ice slab  override slower-lnovi])g ])ortiolls of the ic.c
tongue.  ]cm c]ischar’gy  of the ice tollguc! is calcu]atcd  using the ice vc]ocitics  and ic.c t]lickncss
cstilnatms  obtaillocl  from a digital elevatioTl  ]nodcd of tllc glacier. ‘1’l)c  rcsu]ts  S}1OWI  a clecrmsc
fro]]) 10.8 kTn3 a- ] at the ]Iiligc-li]lc  to ~.6 kTn3 a–l about  30 kJII downstrealn  froln thcI llillge-
li]lc, which is cquivalcmt  to a .gIacicr  tllirlllillg  rate of 13.6-JII a-l. (loser to the ice-front,
tllc glacier tllinni]lg  rate is 2.3 m a-1. Surface ablation  c)f about  1-3 la a-’ Inay cx])lai]l
glacic:r  thinning  near the ice-front but caTlllot  cxplai]l  the el~llanced  thiTilliTlg  rate IIear tile
llingc-]ine., which must h due to basal ablation. IIasal ablation  is the dolnillant  ]) IOCCSS  of
IIIaSS mleasc~ from l’ctcrmann  Glctschcr.  Ilasal and surface ablation together melt  95% of
tllc lnass  discharged across the }Iingc-line  bcforv it rcac.hcs  tlic glacier front.
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lN’TROlJU~2’10N

GIlving  .gIacicrs  play an cmscvltial  role ill tlIc dy]ia~iiics  aIId ]IIass bala IIcc of the GrcmIla IId

ICC Sheet,  aIId CWCII m o r e  ill tlIe case o f  the  AIltarctica  Ice Slicct whcm ice SIICIVCS aIId

ice tolIgum dcvclo]~  cxtc:lsivcly (Ilo]dswort}l, 1977; llilld Inarsh,  1 993; VaugllaIi  aIId ])oake,,

1 996). of JJart,icular  interest for studies of tllc stal)ility  of tlIcsr glaciers is the regioIl  at the

julic.tioli  bctwccII  slow Inovi Ilg icc froIn tlIc illlalld  icc wlIclc no tidal  dis])lacclnmlts occur

aIId tlIc faster  Iuovillg  ic.c froln tl)e icc toIIguc  or ice sllclf WIICW  tidal forcing introduces  a

cyclic vertical  flcxurc of tllc icc surfam.  ‘1’IIc poi:lt wllem tlIc ic(~ sc])aratcx  from tlIQ glacier

IJC(l, thC &’OUlldillg  lillC?, iS ilIlpOJ’~allt  to ][KatC ])lCCisC]~  ]) C’CaUsC it ])rovid~s a  hsis  for

lnollitoril]g  changes in ic.e-thic.kllc.ss  or sca-lcwcl illducwl  by climate shift (Smith,  1991).

‘J’idal  ice-shelf flcxure may be lneasurcd  I)y tiltInc’ters  (SmitlI,  1991 ) or pmcisc GI’S kille-

nlatic surveys (Vaughan, 1 994). l,ocatiIlg  tlIc grounding  line is IIIOIV diflicult by traditioIml

stalidards slid thrme a r c  no systmnatic  IncaTIs  to liia])  i t s  ])ositioll  froIn a mnoto  scllsillg

illstrulncvlt.  Goldstein  et al. (1 993) dctccicd  tidal IIlotiom of tllc l{utfo~d  ice strcan}  with

l!RS-I ;Ilt,crfcromciric  rada~ data aIId deduced tlIc grounding  lilic at a resolutioIl of 0.5 Iirn.

lm vcloc.it;  cx, or the loIlg-tcrrn stcac]y Inotioll  of tllc ice , could not he mtilnated  frolll the

SAI{ illtcrfcrogra~n  lxcausc the com])oncmt  of IIorjzontal l]]otioIl  is ;nhcrmtly  mixed w i t h

t]lc t,iclal  vertical  motion  of the icc surface. IIal t] et al. (1994)  however dc~i)ollstratcd  the

tidal sigl~al  coulcl  bc scparatmd  frolti  tlIc icc vclcmitics  by diflkrcIlcillg  tlic sigl)al obtained ill

two coIlsmut,  ive ilite.rfcrogralns.

‘J’lIc  salne tech I~iquc is applied IIem, by wllicll  tllc ticlal  sigIIal is separated froln the steady

lnot;cm of the ice us;llg two iIltcrfcrograms. ~’lIc lnappil]g of tlIe lliIlg;Ilg  or hmding  zone

of tlIc ;c.e is ilf~provcd  by an order  of ]nagnitudc  bc.cause tlie lllcasurclilcv~ts  are 110 loIIgcr

pcrturhcd  by the longitudil]al  strai  Il rates of  tlIc loIIg-tcrlII  stc:ady  Inotioji  of I+lIC ic.c. l]y

rc-illtroducillg  the tidal  sig[lal ilito tlic ra.dal intcrfcrograms  and assu Inillg  all c]astjc dc-

2



forma tiol} of the ice tongue,  it is also ]mssibl[l  to subscqucIIItly  r<~t,ricvc~ t,]ic ic{~ v[,]oc,itics

of tlIe floating scctio)l  of the glacicv. ‘J’llt’  tcclilliquc is d(’JIIOllSt I’atCd ill the CaSC of l’e-

tmlllalin  Glctsc]ier,  a lnajor  outlet  g l a c i e r  of IIOrtlICIrJI  (;rmIIIlaIId,  wllicll  dcvc.lo])s  into  aII

cxtmlsivc icc tongue  confiued  wit,lii Il a fjord. NuII~crous rock outcro])s arc prcscvlt  t o ])rovidc

a rcliab]c,  fixed Iwfermcc for estimati]lg  the illtcrfcromctric  Lasclilws and studying glacial

lnotio~l. l)ata covcragc by 1;1{.S-1  SAR of that ])art of Grcwlland  is cxmllellt.  III a d d i t i o n ,

S. l;kl~olm  et al., KMS (Kort  and A4atlikclstyrelscJll)  ~)roduccxl a vr]y  ])recise t,o])ogral)llic

IIIa]) of tlIcI rcgioli, whic]l  iIlcludcs  all glac.icr  areas. Se\’cral  oihm sl udicx win-c coIiductcd  011

tl)is  glacier  iIl rccmtt  InoIIt,lIs.  Jougllill  ct al. (199L) studied tile Inass l}alance c)f l’ctcrmaIIII

(;lctscllm  usiIlg iIit~rfcromctric. mcasurmmlts  aIId icc thickness data near tlIe equililjriunl

lillc altitude. Jcmk  et al. (1995) studied basal ]) IOCCSSCS 011 scvc]al  (lreclllalld  outlet  glaciers,

including l’cJtcrInanll  Glctscher,  and strcssml  tllc illl])c)rtallcc  of basa] ablatioIl ])r-occsscs  ill

tlIe overall mass bu(lgct of l’ctcrInaIIIl  Gletscller. ‘lllIC })rwwIIl  study focuses OII tllc ice flow

dyliaIl\ics of the: glacier ice t,oIIgue usi Ilg lI;ll  S- ~ SAlt ijltclfc’rc)Iilct~y  c]ata with iIn])licatioIls

for otlIm icc tollgucs and icc slIelvm.

S’.I’LJDY A R E A

l’cterlna~ll~  Gletsc}ler  is located  60° west aIId 810 IIortll, 011 tllc ~lorth-wmterl]  flalili  c)f tllc

Grmllalld  lc.c Sllect. I’ctc:rmanll  Gletscllcr  was first doculllclltcd a~ld cxa]nillcd  during  tl~c

Illiitcd States ‘l’olaris)  cx~mditio~i  uIIder C;.11’.  IIall  ill ]871 (I{olllnc’ycr,  ]980). ]t is OIIC of t]lc

few Arctic glaciers which develops into  aII cxtmlsivc  icc tc~Ilgue.  l,argc  ]jortiolls [> 50 kin)

of its outer front,  arc floating, allrl tlic tcrlni]lus is olily 3 to 4 In above sea Ievc:l (]liggi Ils,

1991  ). ~alf icc is produced by occasiol~al  disilItegratioIl of its t,erlni  Ilus, which yic]ds taljular.

icchrgs  30-50 In thick,  u]) to 10 klIl  x 12 kIII ill size (Ihnbar,  1978; l{olllnc~ycr,  1980). q’lIe

glacier width  is 30 kln WhCII  it Incrgcs with t}Ic illlaIld  icc , IIalrowri?lg  gradually I)ortllwarcl

over its 100 kIn lmIgtlI  to reach 12 kln at tllc tcvJni  Ilus, Surface altitude decreases from 600 III



at the i]lland i c e  margin  to o]lly 25-35 II] at Kap (b])pjng[l]  (I]iggi]ls, J 99] ). }’~jt,erllltillll

(Jlctscllcr  liastl)e  liigllcst llleasllrcd l’clc)cityofllc)rtll  (Jrec]ilalld  glaciers,  al)out 0.95 k]tI a-l

at t,lic ice front  (Iliggills,  1991 ).

‘J’llis s t udy  ut,ilizcd  3 colisccutivc ]msscx of lI;l{S-I SAli acxjuired  o]i F e b r u a r y  25, 28 and

h4arcll  2, 1992, duril~g  orbit, 3205, 3248 and 3291 c)f t]}c satellite,  lIhclI i]nagc is a 100 krrl x

100 kln fralnc,  with  a 20-111 ])ixcl  s])acillg  oJi the ground after avcvagillg  of 5 ])ixc] dCIIIQIItS

ill tl)e a~,ilnuth  (alo]lg-track)  clircct,ioll. ‘J’hc u])pcr 72 liIII of t]le radar alll])litudc ilnagc arc

SIIOWII ill ]“igurc  1 . IYorth is 011 to]), with lIJll S- 1  flying frol[l east to west, looking ]lortl)

tc) i t s  r i g h t .  l’etmnallll  Glctsc.llcr  runs soutll-liortll  ill lx:twce]l  \lTashiI1.gto~l  l,alld to tllc

wmt and IIall l,a IId to tllc cast.  ‘J’lir  sl}car IIlalgills  of tllc .gIacim arc very pmlIoul  Iced  and

extend  far southward into  the ]naill land ice. Most of t]tc glacim surface w’ithi]l tile fiord

is radar-dark illdicatin,  g a surfam  I)oorly reflective of tllc radar signals. ‘J’lic radar-bright

region to the south snows tile transitioli  wit]l  the pcrco]atioll  fi~cics  of the illlalld  ic.c which

arc raclar-brig]lt  because of illtcrlial rdlectiolls  ill sub-s urfac.c  icy illclusio]]s  (Iii. gllot,  1 995).

l’ive glaciers dcxccnd on tllc east  side frolll ]<alic l)lateau to n]crge  with the lnaill  icc strealn

(Iliggins,  1991). q’hc lnost importa]lt  CJIIC is l’o]sild (;lctscl]cI  (}:igure  1 ).

MRTIIODS

1 nkrfcrogram  Generation.

l{eadcrs illtcrcstcd  ill a background o]] radar illtcrfcrolnctry  lllay coIIsult  Zcbkcr and Gold-

stein (] 986), Goldstein  ct al. (I 988), Gabric] ct al. (1 989), a~lcl Zcbker ct al. (1994). ‘1’]]c

basic prillciplrx  of radar  intcrfcrolnctry  will IIot bc rc]watcd  IIerc.

‘J’wo illtmfcrograms  were forlnc.cl using ilna~r  2  (olbit  3248) as tlIe rcfm’llcc  ilnagc ill

both  illtcrfcrometric  pairs. ‘1’he co]nl)lex  a]rl~)litude  ililages  Wc!rc  c.o-registered with sub



]Jixc]  accuracy, including additional ])ixc] off’sets over fast-lnovi]lg ])ortiolls  of the ice, a?ld

Cross -corrclatcc].  ~’he ])hasc c.olicrcl  Ice of tlte resulting  ilitcrferolnetric  ])roclucts,  (Iclloted p

and t,akillg values bc>twem] O (Ilo c.ollcreltce)  a]Id 1 (])crfect  tc]ll])ora] cohcmice),  was IIigll

([) > 0.8) over most of the scene, yielding high quality ilitt’rf~lol]lctric  fringes (}lguw 2).

l)lIaSe  ul)w~a])])i]lg  was ])crfol]rlcxl usi]lg Go]dstci]i  (I al . , (1988)’s unwrapping algoritllln

aftm s]nootl}i]}g  tlIC data usi]lg a 2-di Inc]lsioIlal  s]wct~al  fi]te]  (WeIJICI, ullpuhlisllcxl,  1995).

Above tllc hi~lging  ZOIIC, tlIc i]ltc]ft’]og]:l]tls  mllibited  a c.oIII]dex  l)attcrli  of closely-s])accd

fri]lgcs  (360° variatio~ls  in phase) a]id ]lhase  u]iwra])])il]g  wtis  diflicult. SiInilar ])attm]ls were

Ol)SC]Vcd  011 tllc s(mt}l-wc%t,clll  fla]lk o f  t]le (;rcctlllal]d  ]cc s]lc[~t :111(] attritjutcd to v(~:tical

lllotio~l  of t]ie icc over l)uln])s  a~ld II OI1OWS., several IIlcters  ill ]lcigl~t a]ld several ki]ol]letcrs

ill dialllc’ter,  created by fast,cr ice sheet flow over the bedrock to])ogra])lly  ]Iear tllo ice If]ar-

gil, (l{igIlot et al . , 1995; Joughill cIt a l . , 1 995). ‘JTo uliwra])  tile p]lasc values across tlIose

rqgiolls,  t}lc rada]  d a t a  wcrw allalyzcd at IIigh rc’solutio]]  (5-loolis), and ])llase  unwra])pillg

was ])crfor~ncd  ill sub-blocks,  Subswluc]ltly  ])ircvd togethm  to l[lai~ltaill  tile continuity  of

tllc })llase.  A second set of il~tcrfc:lo]]~c!tric  pairs corrcspmlding  to orbit  2904,2947 slid 2990

VV;IS ~]SO a]la]yzod,  ~ut t]IC ])hasc  Va]ucs  cou]d Jlot bc’ Ullw’ral)pod  as sUC.CeSSfU]ly  ?IS fol’ t]l~

])rescllt  set of ilnages.

‘J’l)c baselillc sc])aratioll bctwccll tlIe successive ])ositiom of tile radal alltwina  was cxtilnated

l)y lcasi-square fitting using 1,400 tic-]  ~oi]its selcctml frolll a digital clcvatioli  model (I) II;IL4)

of tllc glacim,  0.005° ili latitude spaci]lg  and 0.025<’ i]] longitude s])acing,  ]movided  by S.

lI;klIol  IH, Kh4S. ‘1’hc l)ltlh4 was interl)olatedl  plojected  into tllc radar imaging  geo][letry,  al[d

rcgistcmd  with the SAR data within 1-2 SAR pixels using one tie-point.

lntcrfcromdric  I’roducts.

l,et us dmlote by Vo., Vv, Y’= t}lc coln])ollcllts  of the steady  lnotio]l  vector  of  tile icc alo]lg

tile x-, y- and z-axis .  !l’he x-axis  is ill the closs-track  directio]l,  ])oilltillg  Ilort}l.  !I’}IC y-



axis is in tlIc along-track dircctioll,  poi~lt,illg  wmt. ‘1’hc z-axis  js t,]ic vertical axis. lJIICICV

tidal  illflucwcc, the icc tongue  u])dcrgocs  u])ward altcl dowliward lnotioll  along tllc z-axis of

alnp]itudc  Z. ]Icrc,  we usc tlIc sigII  colivcl]tioll  tllai  t}IcI  phase,  ~~, lllcasurcd by the radar is

# z - * 1/ where 1{ is tile ralIgc distal]cc lwttvml  a ])oiIlt  a~ld tile cmlter  of t}le  sylltlictic

a]mrturcj  a n d  A is the radar wavclmlgth (5.66 c]tl for }~,l~S-1 SAll).  ‘J’he phase diflkrellce,

d~l 2 =- d’2 – h, mCaSUI’Wl bCtw~>ell alltclllla 1 (orbit  3205)  and 2 ( 3 2 4 8 )  Ioay he ex])rcsscd

a s

(1)

1112 js tlIcI hascdi]le  or distallcc  scq)arati]lg  alltcll)\a  1 and 2, 012 js tlie lmselinc  aJIgle }vit}l t}IcI

IIorizo]]tal,  t70 is tlIc: illumination  aIIp;lcI with the horizontal at tile cw)tm of tlIQ scelIc  for a

l)oi]lt at refcrmlc,c  clevatioll  2 = O, (?2 is tllc illulili]latioll  alIg’lc  for a ]~oi]it  at elcvzztioll  2 ahovc

t]lc gc!oid,  m= =“ 0.--00,  11,2, = IIIZ sill  ( 00 -i ojz  ) is tllc c.olnJ)olIelIl  of tllc base . l i l i e

]JcJr])c:ll[lic~llaI  to the dircctio]i of tile r a d a r  j]luIIIillatioll,  1112 II = IIlz cos (  (?0 + 012 ) js

tl)c colnpollmlt of the hasclillc ]Jarallcl  to the clircwtioll  of tllc radal illulnillatjo]l,  (I2 - tl )

is tile tilnc  lag bctwccm  tllc two i]nagcsj ancl ~)j’p js the absolute ])llasc  offset.

‘J1lIt:  first line of ltq. ( 1 ) js tllc topogra])liy trrlll, wllic}l  is scaled by tllc l}asclillc.  ‘i’hc sccolld

lilw dmc.ribcs  tllc ice veloci ty along tlIc radar li]le of sight caused  by tile steady  ]Ilotioll

of tile ice. ‘1’lIc t,hird line correspo]lcls  to cllallgm  ill surface clevittioll  along tlIc radar li]ie

of sigl)t caused by the  downward  ]I]ot,io]l  of tlIc icc u]ldctr tj(lal  j]lflucllcc. ~~it]l  a SCCOJI(I

i]lterfcrogram  co]tlbillillg  inlagc 2 a]ld 3, wc l)avc

(2)



[2z~ - X3 - x]] Cos( i)] i I);z -1 +;2

l;q. (3) issilnilartol)q.  (I), with a ])el])[’ll(liclllal  a]ld ]):~lallcll  ~asclillec clllal,l  esJ)[~ctively,

to tlIc su]n o f  the pcr])c~ldicu]ar  and l)aralle]  base]incs  fro]]] bot]l intcrfemgrallls.  lJsillg

tic~-])oillts  froln the Khl S l)ltM  OJI both rock and i c e , but exc]udillg tllc icc toilgue,  wc

mtilnated tl]e hascli]ie ]mramclcm  of

d’12,jlQf i d’23,jlot

lI;q, (3) and elinlillatcd  su]fi]ccIto]JograI)lly  toohtaill

. +/2 - x,, -  z,] Cos(i) (4)

w}liclt  oIIly depcllds  on tidal flcxurc. ~’llclllaJ~  ofticlal  clis])lac.c~lII  ellts, X2 -  0.5(Z:j  -  Z]),

is slIowlI in l’igurc 3.

h40del  predictions  from tllc elastic bealn theory  il)dicatc tidal displaccltlmlts along all c’lastic

l)tall~v  arylillcarlyw  itl~tidalal  ~~]~littldc~.  Scvcral  cx])c!riltlclltalst  ~lclicsll  avcsllc)w~lltl  lecl astic

l.JcIaTn  ]no(lcl  lnatches  observations very well  (Iloldswort,ll, 1969). Assulni  Ilg tidal forci]lg  is

t]lc salnc evc]ywllcm  along tllc Imalll  (Iloldsworth,  1 969), and tllc elastic dalnping  fidctor

d o e s  not cllallgc~ with tidal  aln])litudc  (Iloldswortll, 1977), a difl’emit rcalizatio]l of tidal

forcing should cxllibit  tlie salne ])attmm of tidal flcxurc as t]lat givcrl from l;q. (4), scaled

l)y a difl’[ml)t  t i d a l  alnplitude.  lJlldcr

mlloval  of the topography te]m, as

471
h2j/af  = y [  -VI sill

hcse assuln]~tiolis, wc l]lay ]C’-writc ltq. ( 1 ), aftm

i) -i V2 Cc)s (i) ] (fz -- i]) -t

712 [A2, jkli  +  423,jklt] + 4;2

7

(5)



lIk I. (5) yields the icc velcjc.itic.s,  ]Jroviclcd  -y12 is kllowll.

‘lo dctcmnine  7J12, O]IC ]mint of knmvll  llori~,olltal  velocity is ]ICMINI o]] tile Jloatillg  ])art  of tlIc

glacier.  q’o ol~ta.i]l  those c.o]]tro] velocities, wc tracked  trai]ls  of crevasses bclcnv tllc llillge-lillc

ill 1’;1{S-1 jlnagcs acquired o]lc year a})art. ‘J’llc lcsu]t is 712:  1.830.2, with a 50-in a- 1 ]]])s

(Irror ill the 11 control ]Joillts, colrl~)arable  to tllc ])rccisio~l  of tllc feature  tracliillg  results,

‘J’he x-velocity, Vo, was dcdumxl fro~I~ JIkl. (5) assulnil),g  Vz = () because the vertical vc]ocity

colll])ollmlt  assoc.  iai,ccl  with glac,icr  tllillllillg  is ]Icgligiblc co]n])arcd  to tile horimrltal  Il)otioll,

aIId ice flows a])pyoximat,dy ill t}Ic }Iorizo]]tal  J)la IIc hcause  of tlIr low surface S1O])CS.  ‘J’IIcI

x-velocity ]na}) was subsequcl)t]y t]a]]sfc)r]nc’d  into a] I horizo]ltal vc]ocity  ]Ila]) by assull)i)lg

a flow dircctioll  paral]cl  t o  t h e  dottccl  lillc SIIOW]I  ill l:igure  1 , which a])])roxilllatm t}lc

dyllalllic celltcr-line  of t}lc  glacier. ‘1’lIQ dotted lill~ follows tlic glacicl  ccllter-li]lc’  wllcrc

illdjc.atcd  by surface crevassi~lg  (1’jgurc 1 ), find tllc line of lllaxi]ilul~l  velocity in the radar

lookilig diroctioll clsmv}]cm (J’jgurc 2). !I’}IQ  rmults  arc SIIOWII  in l’igure 4.

Measurement Uncertainties.

‘1’]ic rlns error  jll phase of’ the radar signal  calculated during  tlIcI  cstilnation  of the l~aselillc

usi]lg scwcral  IIulldre.d tic-poillt,s  was 3 for ])air 3248 -320.5 (I;q. 1), 0.6 for pair 3248-3291 (lkl.

2) a]id 7 for tllc two pairs  combjncd (Ilk].  3). ~’]lcsc J)llasc errors  trallslatc into ullcc]  tai~ltim

ill surfidcc to])ograp]ly  of, rmpectivc]y,  75, 400 and 180 Ii]. ‘J’llc errors  arc large bcwau sc

tllc ]~cr})c~llclic.lllar  base.lilles were s]lort  (res]mct, ivcly N?, 2 and 60 ]n), but a?) a c c u r a t e

Lo])ogra])llic  Inap was already available. 111 tcll]ls of ice II]otioll,  tllc ])hasc errors tralls]atc

i]lto ullc.crtailltics of 4, I and 10 m]n C1–l of IIlotioli,  wllicl~ js two ordcm of lnagllitucle  less

than tile velocity of the glacier  (2000-3000 m d- ] ) and CHIC  orcler  of lnagilitude  less tllall t}le

tidal  amplitude (200-300 mm).  AS s) IowII in l’igurc 3, phase c.rmrs forlil large scale features,

JIOt correlated with topography, whicli  ilnplics they arc not duc to basc]ine ullmrtaintics  or

rrrors  in the l)ltM. ‘J’hey  are Inost likcdy associated with atmosl)lleric  ]Iro])agatioll  dcla.ys
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(Goldstein, ]995).

wlIcIrc N is tile lIulIllm  of looks, IImc equal  to .5. Over rock, p > ().85 (1’igum 2 )  s o

04, <(),2, wllic]l is cquivalmlt to ().3 ]IIIn d- 1 of n]otiol)  WIIC]I  o~, is multiplied by (47r)/A)-  ].

(lvcr  land ice, p varies bctwmm 0.5 and 0,8 (1’igurc 2), yic]dil}g o~, cquivalmlt to 0.3 a]ld

] 111111 d-l of lnotio~l.  over  the icc tollguc, p is also almut ().8 (1’igurc 2). At the hillge-line,

p = 0 . 4 ,  and 0{, is cquivale]lt  tc) 1.3 Itllr) d ’]  o f  IIlotioll. 111 tllc region wllcre  icc flow is

stro]lgly co])voluted  with surface toJJcgral)lly,  arms wllerc  p < 0.25 were IIOt ullwra])])ed,

SC) o~, corresponds tO lCSS tha]l 2 111111  d-] of motio]l. Wit]l A’ =- 80 looks, ]Jixc’1 s])ac.illg  is

degraded to 80 ]n and the above mror  cstilnatcs  are divided by 4. ‘lb lt~a]) the hinge’-]ine,

wc used A’ = 5, but  for all other a]~l)licatiolls  we used AT = 80 si]ice spatial  resolution was

not a critical  factor.

I{ IY3U1JTS

‘1’idal l“lexure.

‘JTIIC l)ati,C*rII  of t,idal  flexure (1’igure 3) dc’lilicates  tl~c ]mrtioll  of tllc glacier that, is afloat.

Nearly  tllc clltirc  sectiom of tllc glac.icr  ulldcrgocs tidal Illotio]l. ‘1’idal  (Iis])lacc:lll(:l)ts  a]c riot

u]lifor]n  aIId cxllil)it  tl)rcc-di]rlc\Ilsjo]lal  structures. ‘J’ids] flcxure is maxillluln a{ tllc glacier

ccllt,cr-lillc  and decrcascs  toward tllc glacier lnalgilis  where restraints by tllc rock IIlargills

lnust  li]nit tllc alnplitude  of tile tidal  disl)laccll)mlt,, ‘J’ids] flcxurc  ilicreascs ill tllc along-flow

d i r e c t i o n  to ]Jcwli at aljout  6 Ii]n frolli t]le cclge of tltc }Iillging  ZO]IC.  011 tile eastcr]l side

of tlie glacier, IIcar where l’omild  Glctschcr  ltlcrgcs  with t,l)r~ IIlaill  strcan) of l’cter~nallll

(;lctschm,  tllc rate of maximum illcrcasc ill tidal flexure is twim  s]nallm a]ld tlie direction
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of inc.rcasc !s 45° ofl compard  to tllc dircctiorl  of i]lcreasc ill tlic westcr]t  section of tllc icc

toIIguc. l’liasc unwrapping  failed OII l’orsild  (~lctsclier,  but  tlIcI  glacier is likc]y  to u]ldergo

tidal II)otioll  as wcl]. q’hc c.omp]ex Jmtt,cr]} o f  tidal lnotion ol)scrved 0]1 the cvastcr]l  lnargi]l

is t]lcrcforcl,  probably  associated wjt,  ]l t}le  illtcl  J)]ay of t]l[! ]Iillgi?lg  Xo]lcs froln both glaciers.

‘J’lie tidal  profi]c.  extracted  alo]lg tltc wcster]t  half of tile icc to]lgue (1’igum 1 ) was coltl])arcd

wit]) Inocle]  ])rcdictiolls from all elastic bealo of in fillitc  lcjlgt]l,  with olIc wlcl rigidly clam])cd

o]i bxlroc.k (I]olclsworth,  1977). ‘J’IIC  ])rcdictcd  ticlal  aluplitudc  is

Z= ZI, [I- C-p’” (COS(/?  T)+ sill(~~))]

wllcrc ~ is the elastic  dalll})ing  factor  givm( l~y

(7)

P4 = 3pu, y(l - -  ,,2)},;- 1},-:+ (8)

l; is thc elastic ]noclulus of ice, pa, = 1030 kg 11]- 3 is the clcvlsity of sea-water, g : 9.81 III s- 2

is t]ic: accc]cratioll  of gravjt.y, v u 0.3 is tlIc ])oisso]l  cocflicicnt  fol ice, a]Id // is tl~e g lac ie r

tllic.k~less. ‘1’lle best fit was obtained  for @ = 4.7 10-4111- ] , with a r]ns fit error  of ().8 III]J)

(1’igurc  5). Judged  from the low r!lls error  and the high IIUIIIhCI of points  used in the

collll)arisoll, tlic model prcdictio]ls  f i t  tllc Itlc’:tsulclllc:Jlts  very \vc:ll. l{csid ua] clrors  arc

co]]mltratwl  beyoncl  the ])oint  of ]Ilaxirnulll  tidal dcflcctio~l  wlIcrc tllc Incdcl ovcrp]edicts

IIIC tidal dis]dace]ncults.

Using l’k]. (8) slid }’; =  0.88 G1’a (Vaugha]i, 1995), wc calculate a]] ice thickllms of 800 III

at t}tc }li~lgc-]ine. ~)hc a c t u a l  thickl]ess is 540 III. lJsi~lg  II; (1. (8) ,  wc fiIIcl  ~; = 3.6 ~;l’a ill

order to ol~tai]l  /3 n 4.7 10-4]tl–l  . WC coIIcludc our data  do IIOt su])])ort  tllc co]itelltio]i

that all elastic modulus of t}le icc of about 0.88 G1’a explains IIIOSt obscrvatioIls  of tidal

flexure at ice s}le]f or ice tongue  margins (Vaug]lall, 1995). <;ollsidcral~lc  sJ)rcad  exists ill

ihc values of the elastic ]IIoclulus  of tllc ic.c ohtain~d  froln fitting  of all elastic  t)calll  II]oclo]

tllrougll  observations of tidal flexure.
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IIinge-line.

aIId the: kwding stress  of tllc ice surface,  Or.j. :: A’ {72.( 1 - v2 )-], which is n]axilt]u]rl  at

ille IIillgt’-li]le,  for x = O, (llolclswor~lI, 1 977). J’01 -d 0.2 ]n ddlm~io]l  of a 540-111 thick icc

lmaln, wc c a l c u l a t e d  a Iilaxilnuln @r, of 80 Iil’a.  l,ocati Ilg the )r)axi]nuIn bculclillg  s t ress  of

tl)c ice however il)crcascs the IIoisc level  of tlIc data because of tile scco]Id orde]  derivatives.

lllstmd,  wc located the local ]ninill~uln  tidal displacclnwlt  (1’igum 5) and map]ml  tlIc IIizl,ge

line ac.cordillgly  across nearly tlic elltirc  glac.iw  width. ‘]’hc results  are show]l in l’igure 3.

l]ascd 011 the ]ioisc  level  of the tidal  sig]lal,  the })osition  of tlIe hi]lgc-lillc  is known w’ithill

1 pixel or 20 m. “J’lIc a.chicvcd  l)rx’cisio~l  is mo]c tllall  O]IC order of Inagilitudc  su])crior to

tl)at  (juoted in the prclilni]iary  assessmwlt  by (Jolclstcill  ct al. (1993)  w’llo ut i l ized a si~lglo

illlmfcrograll]. ollc exception is t}lc glacier C.elltcr-li]lc’  wlIcrcI  tile IIillgc’-litic  shifts along-flow

l)y 2 kln over all across-flow distance  of about  500 m. ‘1’llc tidal profiles  ill this arm do not

cxllibit  a s]larp lni~iilnal  deflection compared to that ill otlier ]jortiolls cjf tllc ice’ to]Iguc  so

tile dctmnillation  of the hiligc-line is ICSS precise, ])rol)ab]y of the order of scvcra] ])ixc]s

(50 -100  In) ratllcr tl~an OIIC pixel. No disc.  olltinuity  ill surface strain  rate is dctccte(l ill

IIIC trallsitioli  arm, but  tllc results suggest tidal Inotioll triggers glacier rupture. Surface

ru])ture  is c.lca~]y visible a few kln downstrca]ll  of tile liillge-lille  (1’igurc 1 ), exactly aligned

with tllc zone of abru  J)t lollgitudi  Ilal displaccvllcnt  of tile }Ii]lge-]i]lc.

ICC Velocities.

IC.Q velocities vary from 400 m a- ] at about  900 in clcvatioll  to 1100 Jn a - ’  at L]lc hillgc’-

lillc,  decreasing thereafter  to about  900 )n a- 1 toward the edge of the sccmc (1’igurc G) .

ltmnoval of the tidal signal  clearly reduced tllc variations i~l icc velocity across LIIC llillgc’-

]ine (Figure 6), yielding a more rwasonaldc  velocity pmfilc. Vertical motion of tllc icc ovcv

hu~nps and hollows in surface topography are also co~lsidcrah]y reduce.d 0]1 tllc ic.c tmlgue
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co~n])arwd  tot,hat  oll the grounded  ice (l~jguw6).  ‘I’}iis  rcs~llt,  ist>x])cctc>tl  since tllcgroulldcd

icc surfiac.e t o p o g r a p h y  reflects valiatiolls  ill l~cclrock to~)c)e;rapliy,  wllcrcas tllc floatillg-icc

to])op;la])llyi  sllsuallyl  lcarlylev<’1.  l,ollgitliclill  alst121illl  atc!sal  t'alsc)low 't\Iolit  llc'ic{Jtollguc

tlla]l  o]) the groul]clcd  inlmld ice, which is colisistcat  w’itll th~’ cx]wc.tcd  ~cductioll  ill basal

flow- resist allcm as the glac.icr  gocx afloat.

]1) scvera]  ]J]accs,  large  discoI]ti~~~litic'  sill  slllP~c(!s  traillr  atc,sarc,o l)s(,rvc:tl(  l~ig~ll~4).  AloIig

lll{:colltcl-lil  lc, tlIccastclll  slal~of tll~~icc:  tc))lg(l(~]  l~ovc~sat  al)out30-501n  a-] fastcrtlla~t  the

westcrli slab. At about 20 k~n fro~n t,llc hi~lgc-lillc,  wlIcre ihc velocity differcllcc  bet}vccll

tllc two  slabs is about  50 n) a- ‘ ,  tlIe ve]ocity  o f  tlIc (Iastclll  slab abru])t]y  cl(xrclascx  by

401n a- ‘. ‘1’lIC cliscontilluity  ill velocity a?l(l a])]) arellt surfac~,  ru])turc  do Ilot  corr(:s])oIId to

al I c.xtcllsioll  of tl}c Castcrll slat) but, to a)l Ovcrridilig;  of its IIortllcrll  scctio]l  causal by faster

]))otioll  fIoIn tlIc south. Another  20 klt~ dowllstreali),  c)~’(:lli(lclill~occurs  011 tltc wcsterll slat)

w’it}] a clisc.olltilluit.y  in velocity also of al)out 40 III a-”l. ‘I’l Ic discontinuity ill stlain rate

alol Ig tile cc’lltcr-lirle  is IIO lol Iger visil)le,  Illcalli]lg the two icc slal)s  move’  at coIII])a  Iable

S])(ds.

l)owllstrcal[~  of tl)c hillgc-lille, the icc tollguc ltlust  l)c ru])tured  across its cvltirc  tllick]lcss

lwcausc  of the large  diffmcmcc  in vc]ocity ])ctwcclI tllc two ice s]aljs. ‘]’lIc Caster]]  all(l

w~csteIII  slabs must  uII(lcrgo cliffcm)t IcIvels of flow rcsistallcc  aI tlic rock IItargills, aII(]

Illust  also friction  along tllc cmltcr-lille. OIIcc sufficievlt  strain  IIas acculnulatcd  alollp, tlie

ccvltcr-lillc,  the glac.icrru~)tures and tllcicc’l~  clociticsrc  ~-acljust.  ~olllbil)cd  w’itll lollgitudi~lal

~]acicl’fractlll’i~lg  at tllC ~lil~gil~g~oll~~~’}licll  crcatc’s a ZOllQ Of WC’akJl[’SS  WhiCh  iS adVQCtCT]

dovmstrcam,  tlic trallsvcmc  ru])tum  patterns see]n to forlll  tllc basis for tl~c forl[iatioll of

the IOk]n  x lokm tabular  icelmrgs  oc.casiolially.sml  tocmerp;cfrom  I’c’tcrlnallli  C;letscllcr

into  IIall IIasill.

ICC Ilischarge.
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Ova’ the floati?lg  scctioll  of the ice, we cstilliatcd  tlic glacier ice discltargc a~lcl its alcnig-flow

gradient .  ICC thickness was estimated fro]]) the lihflS  l117,h4 assulni~lg  ice floatatioll.  ICC

sounding  radar  data co]]cxted by an airbolllc  il)stru~rlellt  fro]il tlIe lJIlivcrsity o f  lia~lsas

(Gogincmi,  unpublished data) alol,g the glacier cmltm-lilw  showed an cxccllmit  agrcc],,cllt

with the l)14;M-dmivcd  ice thick ~lcsscs. l~or illstal]cc’,  at tile hillgc’-lille,  the  l)l;hfl  i]ldicatm

all avmagc  clcwatioll  of 08 3 6 ]n, therefore llcarly lCWC1, as Mfould l)c cx])ccted  if the glacier

were fully afloat. ‘1’IIc  icc tllick~lcss  co]n])utcx]  to bala~lcx’ huoyallcy  fc)lces  frolll scv-water is

540 448 ]t]. ICC sounding radar collected along tlie wllitc line ill l~ip; urc 1 illdicatc!  a glacier

thic.knms  of about  560 m. ~o]a])arisolls  ])erforlnd  C] SCW]ICJC  aloIIg t?te glacier  c.clltcr-lillc

indicate  a silnilar  level  of agrecmlcwt,  about 10-20(% of tllc ice tllickllms.

‘J’he KMS I)IIM were utilized to co]l]])utc  t}lc  average icc tliickllcsscs  of ~)rofi]cs  takcll alolig

the y-axis, and comb;lled with tllc x-axis ;cc vclocitios  (I;q, (5)) and tlic widt,ll of the ])mfile

along t}lc y-axis to est;mate ice discharge. lkc.ausc  basal velocity of float;]lg  ice IIlust equal

its surfiace  velocity, the sinlp]c  IIlulti])licatic)ll  of tllo  average tliickllcss,  avcragy velocity, al[d

width  of tho glacier  sliould yield gc)od  cstilnaies  of the ice flux, icc ihic.kllcss being ~he

]Cast-we]] kJIOWll parameter, ]’ortiolls of the g,lacicr lnargilis w}lcm ]to illterfcro]nclric  data

wc.rc avail abl[: were ]iot ut;lizcd  so ice discllar~e is ~lllclc:rcst;lllatc’cl,  yet tllc error  shou ld

be of second  order magnitude sillcc ice vcloci{y  dec.rcases very ra])idly  ill the narrow  shear

IIlargills  of tllc glacier.

‘J’he cwt; Tnatccl  ;ce fluxes are plotted ;II 11’;gurc 7 as a fullctioTl  of tllc alolig-flow lollgitudilla]

distance froln tllc lli Tlgc-li Ile.. ‘J’hQ data exhibit  a large decrmw i]l icc discharge jJl LIIC first

3(I km of glacial flow from 10,8 kms a- ] at t}lc  hinge’-li~lc to 1.7 km:t a- ] about  30 km froln

the hillgc-liTlc. ~loscr  to the ice front ,  the alollg-flmv  .gradicmt ill ice discl)argc is loweJ.

~alf-;ce  production was estjmate.d to hc aboui  0.46 kms a-1 at tile ice frolit by IIiggins

(1991).
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lIISCUSSION

‘1’he  hi]lgc-lil)c  of }’ctcrmalln GletsclIcr lnay IiIovc back al]d forth wit]) the oceaTI tjde  del)eIIcl-

jng olI the geometry of the hillgc Zo]ic (Iloldsworth,  1977), 11’IOJII the KMS I) IH14,  tllc glacjer

S1O]JCI at the c,c!it,cr of the. glac.icv averages 0.8CX, at the llillgc-line,  1 % 4 k]l) above, a?ld ().2’%

4 klIl below. If the tidal  rallgc js slnalle.r  tha?l  20 cln, wllicll  ]l]ay hc t}lc  JIornl for jcc to]igucs

dcvc:lo]);ng  i]] the Arctjc  (Ilolclswortll,  1977), a)ld assulni~lg  tile glacier surf~c.e slo~w follows

tile bedrock  slope, tjdal illflucllcc  sl]ould  JIot dis])lacc tllc llillgc-lili(~  by lnore tllall onc ~);xcl

Spat.illg 01 20 111. Assulning  the hillge-lillc  mnains stable w;tl]ill  20 ]n, all cxalnl)lc’ 12(1 ]t)

or 6 ])ixels  lo]lg-term shift ill pos;tioll of tl}c’ IIillgc-line would jlldic.ate a l-m cllallgc iII ice

tllickllcss of l’c.ter]na]ln  Glct,scher.  llsillg t}lc  illtc’rf(lroll]  ctrically-cl{\ri  vccl IIillge-lillc  should

tlmcfore ])rovjclc  a fIIIC refcrcmcc for detccti]lg  future sul~tlc  clIa IIgcs iII glacier co~lditiolls,

cvell  tllougll  su r face  slo])cs  arc lnodcrat,  c. ]’or co]r]pariso]l, dctcctilig  ln~tc’r-scale c.hallges

jn jcc thickness froln the cljfrm:]lci~lg  of multj-date illterfero]llctri  cally-d{’]ivc’cl  tol)og;ral)llic

lnaps  would bc’ d; fficult  to ac.l~i~vc (Rodrip;uw and Marti]l,  1992).

‘J1lIQ  ]nost str;kilig  observation relt~aills  t]lc pro]lou]lc.d  alo~lg-flo~v  dccrcasc ill ic,c discharge

allcl jce thickness of the ice to]lguc. Ilsiug lnulti-date  SAR ilnagcry, feature trackil~g,  a]id

icc sounding  radar thickness data, Jczck d al. (1 995) argued that a significant alnou]lt of

icc ]nust bc rclnovcd froln the  icc to]lguc Ly basal ablation. llcm,  wc are able to quantify

tllc im rmnoval by ahlaticnl proccssc:s  allcl ~)rov;dc further su])port for tlicir collc]usioli t}lat

basal ablation  ])lays a clolnillallt  role ill tlie icc discharge fro])] l’ctcrlnaJlll  GlcItsclIcr,

‘J’IIc  decrcasc  ;TI icc clischargc  ill the first 30 klll avcragcx  -().28 klnz a-- ] . h~ost  of th[:  dCCH’~SC

is duc to a 77% reductio~l  in glacim t]lickucss  because ;cc. vc]ocity  is only JNIUCCCI  by 5% and

glac;c’r  Wicltll  js only reduced  hy 7(X,. ‘1’llc dccrcwsc  ;lI ice tllickJlcss  is cquivalmlt to a glacic’r

tllillnilig  rate of 13.6 in a–l assuming  a IIlcall  ic(, vc]ocity  of 1000 In a-] , closer to t]lc ice

front, tllc cquivalcnt,  glacier  t}lillIlillg  rate is 2.3 II] - ] ill the last 40 kin, CIOSC to the 2.7-In -1
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mtimatc of IIiggills  ill t}tc  last 17 kl[) of glacicv  flow, IIiggills  illtcr])rctcxl  glacier t,llillni])g  as

resu]tillg  frc)m surface ablatjon,  quotillg  surfticc  ahlatioll rat,cs ill ]lortll  GICXIIIlaIId  of about

1-311) a- 1. Near  the liillgt’-lillc,l~of~’evcr, surface al)latioll  ca]I]Iot ex])laill  the lnagliitudeof

tlIc  tlli]l]li]lgratc, which must be attributed  to basal ablation. IIasal ]I]dti]lg is largest ~lcar

LIIC IIillgeli]lc  a]ld dcxncasos  clowlI-flo\v. Ass\llllillgt]lc]illear  trmId ill icc discharge  ill the]ast

40 km of glacial flow is clue to surface’ aljlatioll (1’igurc 7), I)asal  al~latioll  discllar~cs about

8.3 lim3 a- 1 below the hinge-line, wliilc surface .31)latio11  lilust  rmnovc  oJily  2 .5  k]f]s a- 1.

Surface  and basal ablat!oll  combillcd  accoul)t  for over 95fi, of tlip Jllass rc]case across t]lc

llillgc’-lil~c  hcforc it rcacllcs the icc froIIt.

‘J’lIc  contril)ution  of ]nass rclcasc froln basal nlclti]lg is t IIcre.fore considerable, IIasa]  al)latioll
,

is t~lc (Iominallt process of nlass mlcasc frolll tlIc }Iillgc’-lillc’ of l’cterl[lanll (~letsc.her.  l,a~gc

errors in its mass halallce  budget would result from assulllillg  that I]lass release only l)rocccyls

tllrougl} surface ah]atjon  allcl calf-ice prod uctiml. ‘J’hc wsults  stresses tllc j]npoltallcc  of

including  basal Inciting  ill ll]ass balalice studies of tide-water glacier devc’lo])il)g  ;Iltc)  aII ice

tongue. ICC tongues similar to that of l’ctmlnallll  (~lctscllcr  ]nay not dmw]op ex(mlsivcly

ill the Arctic, wllicll  implies that currollt cstjll]atcs  of tile ~nass  balance  of tllc GrccIilaIid

Ice Sheet lnay l~ot bc significantly ofl’ as a result  of IIeglc’cti]lg  the co]ltrjbutioll  fro]]] basal

lnclting.  III Antarctica, WIICIC  far ]I]OYC glaciers clcvc]op  i]lto ice to]lgucs  and jcc slte]ves,

jllcluding  tllc role of basal ablation  l)roccsscs  should Iw of Jilucl~ greater IQlcvaIIce. !I’llis

study  SIIOWS  radar  intxrfcro]nct,ry  is a ])owwful tool for dctcrlllillillg  the Jlrccisc  location of

tllc IIill.gc-lil]e  and for mcasurjng  jcc discharge at tllc IIjllge-]i]le  ratllm  tlla)l at the ice fro~lt.

IIcm,  tlic glacier to])ograp]ly was a-priori kllowrIl  from all cxistillg  KMS l)l;hfl.  lladar ill-

tcrfcrolnetry  ]Ilay howcvm also be used to obtai]~ surfzzce  to})ogra])hy.  ],argc  ]Jm])cllclicular

l~asclillm  would bc ]Ifmlwl to obtain  a ])rccisjoll  ill to])ogra~)l~ic  lllap]~illg  (l-2 II) vc’rtic.al)  suf-

ficimlt to obtain  reliable  ice tllick]lcss  cstimatms.  III all iclca]  situation, icc nlotjon would he
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dctcrlnillwl  usj]lg two i]lterfm-ograms  with JICaI  ly-zero ])(~r])c>]l(lic~lla] hascli]lcs,  and suIfacc

to])ogra])hy would h inferred usi]lg a third i]lterfcrogra]ll with a large l)ascli  Ilc.

CC) NCI,USIONS

llll/S-l  SAH data were utilizcxl  to measure tlIc\ tidal flexurc  of tile ice tmlguc.  of l’ctcrlual}l)

Glctscl}cr  with a precision of about  2 In]n d-~ and to map tltc IIillgc’-lille  of tllc glacicv with

a })rccisioll  of 20 n), across IIcarly its c] It, irc w;dtl). ‘J’lIe  i~ltc]fe]o]l]ctric  IIi]lgc-li]lc  SIIOUICI

l)mvide a reference for mollit,orillg  future  ]lletcl-sc.alc  lo]ig-te:li)  cllal  Iges ill ice thick]lcss of

l’ctmjnallll  Gletscller.  ]ce velocities estilllatcd  oll bot]l tlIc .grou IidcId and floating ])ortiolls

c)f the ice mvcalcd ic.c d i scha rge  dmrcases  ra])iclly dowrllstrcaln froJu tllc llil~gc-lilic,  at a

rate which c.anllot bc cx})laillcd  by surface ablation , and wllicll  lnust be caused by basal

JIlcltillg.  Sirr)ilar  studies co~lducted on other ice tojlgucs dcvdo])i]lg ill tllc Arctic as WC]] as

o]] tllc extensive Ant, arciic  ice SIICIVCS should I)ring significant IICW illsiglkts  into glacio]ogical

})rocesscx occurring at tl)c boundary  hetwcc]l  illlalld  and floating ice

ACI<NOWI,EIIC;EM  EN2’S, ‘J’llis  work was ]~erforlllml  at tl]e Jet l’ro~)ulsioll  laboratory,

(;aliforliia  l)lstitute of ‘1’ec}IIIology, ulldcr a  con t rac t  witli tltc ?iatiollal  Amollautics  slid

S]me Acllni:\istratiol), l’olar  Rmcarc}l }’mgram lnallagcxl  hy Robert  1 1 .  ‘1’llolt)as.  1 WOUIC]

like to thank  Si]noll  l;kholn] for graciously ])rovidi~lg a }Iigll-qualit,y  to})ogra~)llic  map of

l’ctcmnann  (Jletscher,  without which this study would ]Iave bml fiar luore com])licatcd all(l

diflicult,  aJicl my collcgues  I<QII Jczcli, Ohio State> IJllivcrsity,  for cllricliillg  discussions 011

t]ic glacic)logy  and dynamics of l’etcrma?lll (Jletschc]  a~lcl for ~jc)ilitillg out tlic i~[lportallcc

of basal lnclting  of that glacier, al~d l’rasad  Go?,illcni, lJlliversity  of l{allsas, fc)r sllarillg ill

aclvwicc of publication IIis ice sounding  radal obscrvatjo]ls.
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F’igurc  Ca~)tim~s

Vig. ), 1  c c .  V e l o c i t y  of l’c.tc.rlnann Gktschcl’, co~oT c o d e d  brtuIc.cIL () a n d  ] 20( I m a - ‘ ,  ajlcl
com’cc.t~o ILs for t h e  incidcncc CL7Lgl C of t}Lc radav itk!rLi~~ai,ioll, flouI diI’cctkJIL,  cilld tidal llLOt~OIL.

‘]’hc co~ol’ illt,clksity ‘k m o d u l a t e . d  by t}Lc ‘invcl’sc of  t}Lc I’acial”  bl’iglLtlLcss.

l~ig. 6, ICC vclociti[s along  tlLc. glocic.I.  cc.lItcI-

linc aflcr c.orrcctioli for a~L  assulacd  flow clilc.c.-

tiO?l. ‘J’tLC dotted CUT”UC  ShOUIS t]lC.  iCC  VCIOCitiCS

bcjorc tidal C.01’l’CCt~071. ‘1’hC C.07LtilLOllS C’UIWC

S] LOUIS ~cc vc.~oc~t~cs uflcr I’c!noval ojtidut flcir-

ILrc . ‘]3}1C. width Of thC. lollgitudincd ~WOj~k iS

80 m.

Fig.  7. ]CC disc~LCLTgc  jTOITi ]’c’{cl’lllallll
~tCtSC}LC1’ VC1’SllS  t}lC CltOIL:]-jhll diStalW. jl”Olll

t}lC }LiTMJC-~i’lLC. ‘J’tLc cont~lluous c.uIwc was ob-

tained by S!1100th’ilLg thC l’CSUttS OIIC.I’  G O  l’alLgC

~incs or 5 k m .  ‘J’hc d o t s  S] LOIL1  CSt~lTLa{C.S ob-
tained  cvc~ymngctinc  01’ 801n.  ‘J’tLc dianlold
symbol d e n o t e s  ic.c  disc.liargc  o b t a i n e d  b y  llig-

gins (1991)  attltc. icc. jI”onl.



Figure 1. ltignot,  1996.



Figure 2. Rigmot, 1996.



Figure 3. Ri.g,not,  1996.



Figure 4. ]{.igIIOt,  1996.
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